Background: Visual loss associated with brain damage, especially hypoxic-ischemic (hI) encephalopathy, is the most common cause of visual impairment in children in developed countries. We hypothesized that hI insults can cause long-term damage in immature eyes. Methods: In postnatal day 7 rat pups, hI was induced by unilateral common carotid artery ligation followed by hypoxia. Retina damage was assessed by electroretinography (eRG) and cell counting. Neuronal injury and astrogliosis were evaluated by terminal deoxynucleotidyl transferase nick-end labeling, cleaved caspase 3, eD1, and glial fibrillary acidic protein immunostaining. results: We observed rapid and persistently extensive injuries in the ganglia cell layer (GcL), inner plexiform layer, and inner nuclear layer (INL) in ipsilateral retinas after hI injury, corresponding to the marked alteration in eRG. hI insult caused prominent microglial and Műller cell activation in ipsilateral inner retinas. Neuronal death in the GcL and INL after hI injury was mainly apoptotic, involving caspase-dependent pathways. conclusion: Our study demonstrated the first evidence of hI retinal damage at both the pathological and functional level using the Vannucci model in neonatal rats. Because retinal damage is often associated with hI injury, it is important to demonstrate that a particular neuroprotective strategy effectively preserves the retina in addition to the brain.
P
erinatal hypoxic-ischemic (HI) injury is the most common cause of neurological deficits in immature brains (1) . With advances in perinatal care, survival rates for infants with multiple handicaps after HI insults are increasing. The prevalence of visual impairment in children with HI injury ranges from 66 to 94%. The visual dysfunctions associated with HI brain injury include strabismus, gaze palsy, nystagmus, optic atrophy, and restriction of the visual field (2,3), defective color vision (4, 5) , and reduced grating acuity (6) . Visual loss associated with brain damage is currently the most common cause of visual impairment in children in developed countries, placing a major burden on ophthalmological and educational services in these countries (2) .
Most studies have emphasized "cerebral visual impairment" in neurologically damaged children. These findings were presumably attributed to trans-synaptic degeneration of optic axons as a result of bilateral occipital damage because the eyes are more resistant than the brain after HI injury (7) . However, although impaired visual acuity is frequent among infants with magnetic resonance imaging evidence of cerebral damage, the severity cannot be predicted on brain imaging (4) . Furthermore, retinal ischemia is a common clinical condition in adults, occurring in a variety of ocular pathologies, including ischemic optic neuropathy, retinal vessel occlusion, diabetic retinopathy, and glaucoma (7) . Several retinal ischemia models, including high intraocular pressure, vascular occlusion, and intravitreal injection of NMDA (N-methyl-D-aspartate), have been well established in adult rodents. A common hallmark for these conditions is the progressive degeneration and the final neuronal loss in the ganglion cell layer (GCL) (8) (9) (10) (11) (12) (13) . However, it remains to be determined whether the developing eyes are vulnerable to HI damage at both pathological and functional levels. We hypothesized that HI insult in the immature eyes may play a significant role in the visual impairment of these children.
The Vannucci model is one of the most widely used experimental paradigms to induce HI injury in rat pups, resembling HI damage to the human neonatal brain. In rat pups, unilateral common carotid artery ligation followed by hypoxia produces selective damage in the hemisphere ipsilateral to the artery occlusion (14) . The ophthalmic artery mainly supplies the inner retina and originates from the internal carotid artery. Therefore, unilateral common carotid ligation simultaneously obstructs blood flow in the ipsilateral retina (15) . Although the neuronal damage in the brain has been well studied in this model, little is known about the consequences of HI retinal injury in rat pups. Furthermore, because visual deficits may confound the behavioral outcomes as measured by the Morris water maze and radial arm maze tasks (16) , it is important to delineate the long-term sequelae of retina injury after HI in rat pups.
Results

HI Caused Long-Term Retinal Functional Impairment in Rat Pups
To address the alteration of functional development after HI, sequential scotopic electroretinography (ERG) was obtained on postnatal day (P)14, P21, P28, P35, P42, P49, and P60 (Figure 1a-i) . The a-wave is associated with rod photoreceptor activity and the b-wave reflects the combined activity of Articles Hypoxic-ischemic retinal injury depolarizing bipolar cells and Műller cells (15) . In naive rats, there was a rapid and significant growth in both a-and b-wave amplitude that reached the maximum level on P > 1, as documented previously (17) . HI injury in rat pups markedly altered the normal maturation process of the ERG signal. After HI, responses obtained from the ipsilateral eyes already demonstrated significantly decreased a-and b-waves as compared with the contralateral eyes on eye opening (P14). On P21, the maximum a-wave amplitude in the ipsilateral eyes was significantly decreased relative to that in the contralateral eyes. From P28 to P60, there were no significant differences in a-waves between the ipsilateral, contralateral retina, and naive groups (Figure 1j) . In contrast to the relative resistance of the a-wave to HI injury, the maturation of the b-waves in ipsilateral eyes was markedly delayed for 7 d (P28). Furthermore, the amplitude of the b-waves in the ipsilateral eyes remained significantly lower than that in the contralateral eyes at all the time periods examined (Figure 1k ).
HI Caused Long-Term Retinal Damage at Pathological Levels
The long-term maturational alteration in retinal function after HI injury in rat pups was accompanied by changes in retinal structure. Ipsilateral retina showed prominent pyknotic cells and tissue vacuolation within the GCL and inner nuclear layer (INL) as early as 3 h post-HI (Figure 2c) , whereas the naive (Figure 2a ) and contralateral retinas (Figure 2b) did not reveal such cytoarchitecture changes. A significant progression in cell loss was noted within the GCL and INL of the ipsilateral retina from P8 to P60 (Figure 2c-l) . In naive rats, the thickness of the inner plexiform layer (IPL) and outer plexiform layer grew from P8 to P21, after which a gradual thinning occurred. The ganglion cells increased, but the INL and outer nuclear layer thickness decreased as the animals grew. In the HI rats, the ipsilateral retina had significant decreases of GCL cell numbers (Figure 2m ) and IPL thickness (Figure 2n ) from P8 to P60 as compared with the contralateral retina. The ipsilateral retina also showed significantly thinner INL (Figure 2o ) and outer plexiform layer (Figure 2p ) than the contralateral retina on P14 to P60. There was no significant difference in the thickness of outer nuclear layer between the HI and naive groups (Figure 2q) .
HI caused acute hypoxic stress in the inner retina of the rat pups.
On P33, hematoxylin and eosin staining demonstrated extensive neuronal injury throughout the cortex, striatum, and hippocampus in the ipsilateral hemisphere after HI (Figure 3b) . The degree of brain injury, as measured by the degree of cerebral hemispheric weight reduction, was not correlated with the reduction of inner retinal thickness (Figure 3c , r 2 = 0.0314, P = 0.59).
To assess the retinal hypoxia in HI insults, we used hypoxyprobe-1 (HP-1) immunostaining. There was no HP-1 immunoreactivity in the contralateral retina of HI rats. However, several HP-1(+) cells were found in the GCL of ipsilateral eyes (Figure 3d ). These data suggested that in addition to the brain, the ipsilateral retina also underwent the hypoxic stress.
HI injury induced astrogliosis in immature retinas. Activated microglia have been described as a "sensor" for pathological events in the central nervous system (18) . We found that there were very few ED1(+)cells in the GCL and IPL in the naive and contralateral retina (Figure 4a,b) . At 6 h after HI, there were many microglia cells in the amoeboid form. The number of ED1(+) cells increased gradually in the GCL and the IPL from 6 h post-HI, reached a peak level on P9, and decreased from P14 (Figure 4c-l) .
During neuronal damage, Műller cells undergo reactive gliosis characterized by the upregulation of intermediate filaments such as glial fibrillary acidic protein (GFAP) (19) . The GFAP immunoreactivity was restricted to the astrocytes of the GCL in both the HI and naive rats initially (Figure 4m-q) . As compared with the contralateral retina, there were prominent increases of GFAP immunoreactivity in the Műller cell trunks throughout the whole ipsilateral retina layers from P21 to P60 after HI (Figure 4r-t) .
HI Retinal Injury Involved Apoptotic Neuronal Death
Terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) staining showed a gradual increase in TUNEL(+) cells in the ipsilateral GCL and INL from 6 h post-HI, a peak ay 24 h post-HI, and then a decrease after P9 (Figure 5c-j) . In the HI group, the ipsilateral retina had a significant increase in the number of TUNEL(+) cells (22.86 ± 14.62/4000 μm 2 ) relative to the contralateral retina (3.91 ± 2.23 ) and the naive group (4.16 ± 1.45) 24 h post-HI (P < 0.0005). The numbers of cleaved caspase-3(+) cells in the GCL and INL of the ipsilateral retinas also increased from 3 h post-HI and reached a peak on P8 (Figure 5m-q) .
DIsCussION
To the best of our knowledge, this is the first study to demonstrate evidence of HI retinal damage at both the pathological and functional level using the Vannucci model in neonatal rats. The injuries were rapid (3 h after HI) and extensive in GCL (60% cell loss), IPL (55% thickness reduction), and INL (45% cell loss). The pathological evidence of retinal injury corresponded to the marked suppression of the amplitude of b-waves (60%) in ERG, even on P60. HI insults in neonatal rats caused severe hypoxic stress in ganglia cells, prominent astrogliotic response, and apoptotic neuronal death in the inner retina.
These findings are in contrast in both temporal and spatial aspects to the previous studies that provided evidence of retinal ischemia in adult rodents. Permanent bilateral middle cerebral artery ligation in adult rats produced only subtle retinal changes (20) . Bilateral common carotid occlusion induced damage in the GCL and INL at 1 wk and 2 mo, respectively, after injury in adult Wistar rats (13) . Transient middle cerebral artery occlusion resulted in pyknotic cells in the GCL and INL 2 h after reperfusion. However, no loss of cells within the ischemic retina was observed 1 d after reperfusion in adult SV129EV mice (15) . Central retinal artery occlusion significantly reduced GCL cell counts and retinal thickness at 21 d after ischemic injury in adult mice (11) . In our study, there were many pyknotic cells 
Articles
Hypoxic-ischemic retinal injury
In this study, microglial activation appears early (6 h post-HI) and subsides in the recovery phase (P14), suggesting a possible early role in the pathophysiology of immature retinal HI injury. The selective increases of ED1 immunoreactivities in the inner retina also corresponded to the region-specific vulnerability of immature retina to HI injury. Activated microglia are the hallmark of neuroinflammation and exacerbate cerebral neuronal injury through production of proinflammatory cytokines (21). . the ipsilateral retina of the HI rats also showed a thinner (o) INl and (p) outer plexiform layer than the contralateral retina and those of naive rats, which reached significance on P14 to P60. (q) there was no significant difference in the thickness of outer nuclear layer between the HI and naive groups. *P < 0.05; **P < 0.01 vs. ipsilateral retina of HI rats. Arrows: pyknotic cells in the GCl. Arrowheads: tissue vacuolation in the INl. Bar: 100 μm. n = 6-10 for each time point. Age   P21  P33  P60   P8  P9  P11 P14  P21  P33  P60  P8  P9  P11 P14  P21  P33  P60   P8  P9  P11 P14  P21  P33  P60  P8  P9  P11 P14  P21 Microglial activation has also been demonstrated in various pathologic conditions of the retina, such as glaucoma, diabetic retinopathy, and axotomized retina in adult rodents (18, 22) . Our data show that microglia activation is also important in early HI retinal injury in neonatal rats. In contrast to the early microglial activation, we did not found prominent GFAP immuoreactivity until P21. However, very intense GFAP labeling was seen by 1 wk after retinal ischemia in adult rats (13) . During retinal injury, Műller cells are well known to undergo reactive gliosis characterized by the upregulation of GFAP (19) . Műller cells, the main type of glial cell in the retina, are responsible for the maintenance of homeostasis in the extracellular medium of the retina, and protect the neurons by releasing neurotrophic factors and secreting glutathione, which has an antioxidant effect (23) . The relative delayed reaction of Műller cells, as compared with those of the adult rats, may contribute to the increased vulnerability of immature retina to HI injury. An improved understanding of the different gliotic response and of their protective or damaging effects is essential for the development of effective treatment strategies for HI retinal injury in rat pups. The increased vulnerability of immature retinas to HI injury may also be related to the prominent apoptotic cell death. TUNEL has been shown to be rarely detectable in ischemic retinas up to 1 d after reperfusion in adult mice (15) . In contrast, there was a significantly increased number of TUNEL(+) cells in ipsilateral retinas as early as 6 h post-HI in rat pups. Furthermore, the prominent apoptosis in immature retinas was related to activation of caspase-dependent pathways, as demonstrated by caspase-3 cleavage. It remained to be determined whether prevention of caspase activation is protective in neonatal retinal injury, similar to previous reports on HI brain injury (24) .
Previous studies have emphasized that the eyes were more resistant than the brain after HI injury (7) . The visual impairments in the brain-damaged infants were attributed to occipital damage. However, our data show that HI insult in neonatal rats can cause significant hypoxic stress, apoptosis, and neuroinflammation in the immature retina. There was also no significant correlation between the cerebral hemispheric weight and inner retinal thickness reduction, which related to the infarct brain area and retinal injury, respectively. Furthermore, if the retinal injury is due to trans-synaptic degeneration of brain insult, the left retina should show more severe injury than the right side does. The clinical studies have observed that the pattern and severity of visual deficits cannot be predicted on brain magnetic resonance imagings in infants (4). Our study provides the evidence that retinal injury contributes significantly to the visual impairments in neonates with HI brain injury.
The Vannucci model is one of the most widely used experimental paradigms to induce HI injury in rat pups, and resembles HI damage to the human neonatal brain. However, little is known about the consequences of HI injury in immature retinas. Furthermore, because visual deficits may confound the behavioral outcomes as measured by the Morris water maze (15), it is 
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important to delineate the effects of HI on vision. Our data show the long-term sequelae of HI retinal injury in neonatal rats, at both pathological and functional levels. As retinal ischemia is often associated with neonatal HI injury, it is important to demonstrate that a particular neuroprotective strategy effectively preserves the retina in addition to the brain.
MetHODs
This study was approved by the Chang Gung Memorial Hospital Committee on Use and Care of Animals. Ten to 12 Sprague-Dawley pups per dam were used and housed with a 12/12-h light/dark schedule in a temperature-and humidity-controlled colony room. The pups were housed with their dams until weaning on P21, and then housed in groups of four to five per cage.
HI Injury Model
On P7, animals were anesthetized with 2.5% halothane (balance, room air), and the right common carotid artery was surgically exposed and permanently ligated with 5-0 surgical silk. After surgery, the pups were returned to the dam for a 1 h recuperation period before HI. The animals were then placed in airtight 500 ml containers partially submerged in a 37 °C water bath through which humidified 3 l/min 8% oxygen (balance, nitrogen) was maintained for 2 h (25). After completion of HI, the rat pups were returned to their cages. The naive group did not receive any procedure.
Long-Term Outcome Measures
Hemispheric brain weight reduction. On P33, following deep anesthesia with an overdose of chloral hydrate 500 mg/kg i.p., rats were killed. The brains and eyes were removed, weighted, fixed, and then embedded in paraffin as described previously (26) . After removal of the brainstem and cerebellum, the forebrain was sectioned at the midline, and left and right hemispheric weights were determined. The percentage of hemispheric weight reduction measured as (left hemisphere weight -right hemisphere weight)/left hemisphere weight was used as the measure of cerebral injury in this study. The changes in the hemispheric weight reduction were highly correlated to the changes in the infarct brain areas and the hemispheric volume changes (27) .
Assessment of retinal injury. The eyes were immersed in 4% paraformaldehyde, dehydrated through graded alcohols, embedded in paraffin, and then coronally sectioned (8 μm thick). Two sections per retina were randomly selected for hematoxylin and eosin staining. Images were ) in the HI rats, as compared with the (l) contralateral retina and the (k) naive group. the cleaved caspase-3 immunodensity in the ipsilateral retina then decreased from (r) P9, (s) P11 to (t) P14. Bar: 100 μm; 50 μm in inset. n = 6 for each group. ONl, outer nuclear layer; tuNel, terminal deoxynucleotidyl transferase-mediated dutP nick-end labeling.
